Transverse polarization of Λ 0 hyperons in inclusive photoproduction at xF > 0 is tackled within the framework of the quark recombination model, which has been successfully applied to the polarization of different hyperons in a variety of unpolarized hadron-hadron reactions. The results are compared with recent experimental data of HERMES.
I. INTRODUCTION
The problem of the Λ 0 polarization in hadron-hadron reactions at high energies remains still vital even in spite of the thirty years have passed since it was discovered [1] . Being produced in pN collisions at 300 GeV proton beam energy, the Λ 0 hyperons were found to be highly polarized while neither the beam nor the beryllium target possessed any initial polarization. Its direction was, in accordance with the spatial parity conservation, opposite to the unit vector n ∝ [p b ×p Λ ], (p b and p Λ are the beam and hyperon momenta, respectively), which is normal to the production plane or, in other words, transverse to the direction of this particle's motion.
This phenomenon turned out to be quite surprising for the widely spread belief that spin flip processes would not take any significant place at such high energies as the helicity is conserved in the limit of massless quarks.
Certainly, it has induced much attention to be focused as well on studies of the polarization experimentally, using a variety of beam hadrons and targets at different kinematic regimes, as on its theoretical explanations. Thus, further experiments on pN collisions in wide range of the beam energies were carried out [2, 3, 4, 5, 6, 7] . The same was done for K − p → ΛX at ∼ 12 GeV -176 GeV [8] , it was also examined in π − N → ΛX and K + N → ΛX [9, 10, 11] . To obtain more systematic knowledge on this issue, polarizations of other hyperons were studied as well, e.g. pN → Σ 0,± X, pN → Ξ 0,− X [12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22] . A different angle of sight, which could assist in the solution of the problem, may be provided by processes, where hyperons themselves acted as projectiles, for example Σ − N → Λ 0 X,
. Among the most remarkable features of the Λ 0 polarization one can highlight the extremely weak dependence on the incident particle energy or, if the process is considered in the center-of-mass (c.m.) frame, on the total c.m. energy √ s. The polarization grows by magnitude * ialspbu@mail.ru † olegreb@pcfarm.pnpi.spb.ru roughly linearly with the transverse momentum of the hyperon p T . It also depends, though not so strongly as on p T , on x F = 2p LΛ / √ s, where p zΛ -longitudinal momentum of the outgoing Λ 0 . Another notable property is the sign of the polarization, being negative in pN collisions for Λ 0 , Ξ 0,− it appears to be positive for Σ 0,± . The positive sign has been observed in K − p → ΛX as well. Although there have been the large amount of experimental information, no model is elaborated still to account convincingly for the complete set of the available measurements from a unified point of view. The existing phenomenological approaches are, in more or less extent, fragmentary in reproducing the data (see, e.g., Refs. [24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35] and the references therein).
Especially useful instrument for spin effect investigations in strong interactions seems to be the Λ 0 due to its wave function structure peculiarities. The approximation of the SU(6) symmetry requires the spin-flavor part of the wave function to be combined of the ud diquark in a singlet spin state and the strange quark of spin 1/2, or rather formally |Λ 1/2 = |ud 0 |s 1/2 , where the subscriptions refer to the spin states. Therefore, the Λ 0 total spin is entirely determined by its valence s quark. Thus, one may attribute the Λ 0 polarization to the strange quark only [27, 28, 31] . It should be noted that the SU(6) symmetric picture has been also applied to calculations of the longitudinal Λ 0 polarization in e + e − annihilation at the Z 0 pole [36, 37] and then justified experimentally [38, 39] .
In light of the discussion above, to wonder whether the polarization would be manifested in reactions induced by pointlike particles, such as leptons or photons, becomes an interesting question. Indeed, experiments on high energy γN scattering had been performed, for instance, at CERN [40] and SLAC [41] (E γ =20 GeV -70 GeV), however, their statistical accuracy is insufficient for a decisive conclusion on the magnitude or on the sign of the Λ 0 polarization. Rather relevant data for this purpose could be those on the 27.6 GeV positron beam scattering from nucleon target recently obtained by HERMES. The collaboration has measured nonzero positive transverse Λ 0 polarization, herewith most of the intermediate photons were very near the mass shell, i.e.
GeV 2 , where p ei,f -are the 4-momenta of the initial and scattered electrons, respectively (quasi-real photoproduction) [42] .
We tackle here the transverse Λ 0 polarization in inclusive photoproduction at x F > 0 in the framework of the quark recombination model (QRM). Having been firstly proposed to account for meson production probabilities in pp collisions [43, 44] , the model was shown to be successful in describing the polarizations of different hyperons in a variety of high energy hadron-hadron reactions as well [32, 33] . We discuss the quark recombination mechanism below.
II. QUARK RECOMBINATION MODEL

A. Key ingredients
Let us, at first, briefly recall the essential ingredients of the QRM concerning the hyperon polarization. One can find very detailed description of the model in Ref. [32] . In the sequel we will also abbreviate the collision
The quantity proportional to the reaction probability of the transition H i → H f in the projectile infinite momentum frame (IMF) is defined as
where M i and M f are the spin projections of the hadrons H i and H f on the z axis, which is defined by the vector [p Hi × p H f ], here p Hi and p H f are the momentum vectors of H i and H f ; the x axis is chosen to be parallel to p Hi ; r k = (x k , y k , z k ) are the momentum fractions carried by the partons with respect to the three independent directions (x, y, z); G
are the parton distribution functions, the index k denotes all the partons (k=1,2,3,4); the summations are performed over the parton spins s k and their z components µ k ; ∆ 3 and ∆
4
are the delta-functions providing energy-momentum conservation; |M (r k ; s k , µ k )| 2 is the squared amplitude of a parton-parton scattering subprocess; the sign ⊗ denotes the convolution in Bjorken r k -space (see Eq. A.1 in the appendix).
Then, the polarization is standardly given by
How the polarization will behave depends crucially on particular forms of the squared amplitudes |M | 2 , i.e. on the specification of the underlying dynamic. Yamamoto, Kubo and Toki have calculated them in Ref. [32] assuming a simple scalar type interaction for the relativistic parton-parton scattering processes and noted that non trivial spin dependent part appeared due to the interference term between the lowest and higher order amplitudes, similarly as in Refs. [31, 48, 49] . The final hadron of spin 1/2 may be resulted in recombinations of a quark with a suitable diquark of spin 0 or of spin 1. Typical representatives of such reactions, when considering the x F > 0 region, are the p → Λ ((ud) 0 +s) and p → Ξ − (d+(ss) 1 ) transitions. Accordingly, there are two free parameters in the model, R 0 -for scattering between the partons of spin 1/2 and spin 0, R 1 -for scattering between the partons of spin 1/2 and spin 1. Having been fixed to fit the data for the transitions p → Λ and p → Ξ − , the parameters were used to reproduce reasonably the polarizations in other reactions of these kinds as well, e.g. in
. Another thing worthwhile to note is that the QRM automatically contains the rule proposed by DeGrand and Miettinen [26] , and reproduces not only the magnitudes, but also the signs of the polarizations.
B. Applying to photoproduction
We turn now to the Λ 0 photoproduction at x F > 0. The QRM can be straightforwardly extended to this process provided one regards the photon as a hadron in the sense of its well known quark degrees of freedom [45] . The corresponding diagram is shown in Fig. 1 . To produce the final Λ 0 , a quark q with the quantum numbers (r 1 ,s 1 ,µ 1 ) coming directly from the photon recombines with an appropriate diquark of the proton with the numbers (r 2 ,s 2 ,µ 2 ).
Unlike a hadron-hadron reaction (say p → Λ), which is contributed, as a rule, by a single dominant subprocess ((ud) 0 +s), the situation for the γ → Λ 0 transition can be fairly expected to be rather rich. The most probable scenarios we have assumed for this case are presented in Fig. 2 , the pictures (a), (b) and (c) concern the recombinations of quarks with scalar diquarks (scalar case), u+(ds) 0 , d+(us) 0 and s+(ud) 0 , respectively, while the (d) and (e) refer to the recombinations of quarks with vector diquarks, u+(ds) 1 and d+(us) 1 (vector case).
Applying of Eqs. (1) and (2) to the Λ 0 photoproduction leads to the following formula for the polarization [33] 
where R l are the free parameters, so that the corresponding sum is performed over the scalar (l = 0) and vector (l = 1) cases,
Here, G Λ is the light cone wave function of Λ 0 [46] ; σ l D is the interference term surviving in the numerator of Eq.
(2); σ l I is the quantity proportional to the total probability in the denominator of the same equation; f
is the momentum distribution function of the (q i q j ) l diquark in the proton; f γ q k is the structure function of the photon. The sum over i, j, k is rather symbolic and includes only the appropriate combinations of quarks and diquarks to form the final Λ 0 (see Fig. 2 ). Note that, in the QRM, the distribution functions are factorized into longitudinal and transverse momentum distribution parts as
Having taken the transverse parts of all the functions to have the same Gaussian form, we discuss henceforth the longitudinal those. 
III. CALCULATIONS AND RESULTS
We present here the results of the QRM calculations of the Λ 0 polarization in photoproduction at x F > 0. We used the Eqs. (3)-(4). Explicit expressions for σ l D(I) as well as the parameter values were taken from Ref. [32] . It should be emphasized that all the parameters have been fixed for consistent fitting of the polarization in a variety of hadron-hadron reactions. Thus, for the u+(ds) 0 , d+(us) 0 and s+(ud) 0 cases we took R 0 = 2.5 GeV, and for the u+(ds) 1 , d+(us) 1 it was R 1 = −5.6 GeV.
The photon structure function f γ q k plotted in the upper panel of Fig. 3 is taken from Ref. [45] , the probabilities to find u, d and s quarks in the photon (up to a factor which does not affect the results since we deal with the ratio (3)) are given by the dotted, dashed and solid lines, respectively. For the diquark distribution functions of the proton f p (qiqj ) l we adopted those from Ref. [47] shown in the lower panel of Fig. 3 . We assumed that the functions for scalar and vector diquarks coincide (solid line) except for (ud) 0 (dashed line) due to the valence character of both u and d quarks forming it. Note that the functions depend on the momentum transfer squared and we have taken them at Q 2 = 8 GeV The calculated p T dependence of the polarization in the range 0.1 GeV ≤ p T ≤ 1.0 GeV is shown in Fig. 4 at x F = 0.1 (solid line), x F = 0.2 (dotted line) and x F = 0.4 (dashed line). First of all, one can see the polarization turn out to be positive. It grows more rapidly at lower p T 's reaching approximate plateaus at about p T = 0.6 GeV, which is more distinctly manifested at x F = 0.1. The polarization decreases as one considers the higher x F 's. It is seen that the calculations are in a good agreement with the HERMES data at ζ > 0.25 (solid points). The definition of the variable ζ will be given later.
The calculated x F dependence in the range 0.1 ≤ x F ≤ 0.5 is presented in the upper panel of Fig. 5 at p T = 0.5 GeV (dotted line), p T = 0.7 GeV (dashed line) and p T = 1.0 GeV (solid line). One can see that the lines corresponding to the three values of p T fall slowly as x F increases up to about x F = 0.34, being, herewith, very close one to other. Afterwards, the line concerning p T = 0.5 GeV branches off the common trend and continues to fall while the rest those begin weakly to rise.
In Fig. 4 we have demonstrated how these calculations related to the HERMES measurements on the Λ 0 polarization in quasi-real photoproduction, which seem to be more suitable for this purpose [42] . However, we should make at this point a few comments. For some peculiarities of the HERMES experiment, the data are collected not as the traditional x F dependence but as the dependence on ζ = (E Λ + p LΛ )/(E b + p Lb ), additionally integrated over p T (E b and p Lb are the energy and longitudinal momentum of the beam particle). Unlike x F , the variable ζ is, thus, just an approximate measure of whether the hyperons were produced in the current or target fragmentation regions. Hence there is some ambiguity in the correlation between x F and ζ, which causes an arbitrariness in the comparison of the HERMES data with results expressed in terms of x F . The experimental p T dependence is also collected integrally over ζ for two regions, ζ ≤ 0.25 and ζ > 0.25. Additionally, the intermediate quasi-real photons of HERMES were not, certainly, monoenergetic, though this problem could be omitted by exploiting the fact that the polarization is incident particle energy independent.
To make the comparison with the experiment more correct, we have averaged the calculated x F dependence of the polarization over the p T distribution of Λ 0 hyperons produced at HERMES [51] . We show thus obtained results in the lower panel of Fig. 5 (solid line) in comparison with the experimental ζ dependence of the Λ 0 polarization (solid points). We used only the HERMES events at ζ > 0.25 because they more adequately relate to the x F > 0 region. One can see that the calculations sufficiently reproduce the experimental events. 
IV. SUMMARY AND DISCUSSION
Following the recipes given in Refs. [32, 33] , we have shown that the transverse Λ 0 polarization in inclusive photoproduction at x F > 0 can be fairly accommodated by the quark recombination model, which comes, thus, outside of the reactions induced by hadrons. All the free parameters we used in the calculations have been already fixed to reproduce the polarization in other hadronhadron interactions.
We have calculated as well the p T dependence of the polarization at x F = 0.1, x F = 0.2 and x F = 0.4 in the range 0.1 GeV ≤ p T ≤ 1.0 GeV as the dependence on x F at three fixed values of p T , p T = 0.5 GeV, p T = 0.7 GeV, p T = 1.0 GeV in the range 0.1 ≤ x F ≤ 0.5.
We have compared the results with the HERMES data and discussed in what extent it could be suitable for this purpose. It was stressed that there is some ambiguity between the data and the results expressed in terms of x F . To obtain results, which could be more correctly comparable with the experiment, we have averaged the calculated x F dependence over the p T distribution of Λ 0 hyperons produced at HERMES. Additionally, we used only the events of ζ > 0.25 to be, more or less, ensured that we dealt with the region of x F > 0. So, we have found a sufficient agreement with the data both in magnitude and in the sign of the polarization. However, this consistency can be regarded only as qualitative because of, at least, a few reasons. The uncertainties associated with the correlations between ζ and x F still remain. The intermediate photons emitted by the HERMES positron beam were not, indeed, monoenergetic. No information on the momentum transfer squared was derivable at the experiment while the structure functions used here are Q 2 dependent. There are also another problems. Since the spin dependent distributions of the partons were not available, we have naively assumed the structure functions to have the same form as well for the scalar as for vector diquarks. We have also supposed that the subprocesses s+(ud) 0 , d+(us) 0 and u+(ds) 0 contributed in the polarization with the same, positive, sign. These cases are structurally similar to the K − → Λ 0 , π − → Λ 0 and K + → Λ 0 transitions, respectively. Certainly, the positive sign has been very reliably determined for K − → Λ 0 , while, in fact, for the rest two cases the related situation is controversial due to the error bars of the data are still large (see also discussion in Ref. [32] ). In this light, it would be interesting to compare our results with those from Ref. [50] , where similar calculations have been carried out.
We did not take here contributions from the heavier resonances into account, which are presumably significant for the Λ 0 polarization [35, 36, 52, 53] . It can be done as a further improvement of the calculations, but, for this purpose, one needs to know, at least, the evolution of the variables x F and p T in the transition processes from the resonances to the final Λ 0 . It seems to be attractive to find the explicit expressions of the QRM amplitudes specifying the potential by the color field [31] , which might lead, in some sense, to a unification of the present approach with other quark scattering models [27, 28] .
We would like to thank K. Suzuki for providing useful information on the quark recombination model.
APPENDIX
We present here some steps of the calculations in more explicit form.
The convolution in Eq. (4) is defined by
so that the integral is 12-dimensional. According to Ref. [32] , we take
where P T is the transverse momentum of Λ 0 , p t is a normalization parameter to fix the transverse momentum distribution of the partons,
We realized the condition when all the hyperons would be produced in the x F > 0 region by formal introducing the step function θ(x 1 − x 2 ), which simply means that each quark coming from the photon will be faster than the corresponding picked up diquark.
Let us rewrite Eq. (A.1) as
where F (r 1 , r 2 , r 3 , r 4 ) = G To concentrate the attention on the integration over the momentum fractions r m = (x m , y m , z m ), we introduced the denotation (A.5). For the same reason, the dependences on the rest parameters and indices are omitted.
We reduced the 12-dimensional integral to 5-dimensional one by using the delta functions (A.2) and (A.3).
Thus, an integration over x 1 , x 2 , y 1 , y 3 , z 1 , z 3 leads to the following substitutions in Eq. (A.5) . (A.12)
The integration limit x F 2 arose due to the step-function in Eq. (A.5), ε is introduced because of the difficulties associated with the irregular behavior of the integrand at the borders of the integration regions over x 2 and x 4 . In the actual computations, we have taken ε = 0.01.
